After withdrawing in-feed antibiotics for prophylaxis against post-weaning syndrome (PWS) and growth promoting in piglets, various research projects have been initiated in the Netherlands towards new aspects of the pathophysiology of PWS and new optional nutritional strategies. In this paper, some current Dutch research topics addressed to the pathophysiology of PWS (microorganisms associated with diarrhoea of weaned piglets, functional histology, enzymatic activity and permeability of the small intestine) and to the post-weaning nutrition in controlling PWS in piglets (probiotics, prebiotics, organic acids, antimicrobial bioactive peptides and immunomodulators, dietary composition) are briefly outlined.
INTRODUCTION
Yearly losses of piglets in the Netherlands are estimated to be from 100000 to 200000 (Nabuurs, 1991) . A substantial part of these losses is ascribed for the postweaning syndrome (PWS), which includes post-weaning diarrhoea, oedema disease and endotoxin shock. Over the past 45 years Dutch farmers have used several in-feed antibiotics or chemotherapeutics for prophylaxis and growth acceleration. However, antibiotic resistance has become a major issue globally along with various regulations banning their use in animal feeds in Europe. At present, only avilamycine, flavomycine and salinomycine are transiently in use. A real perspec-PROTECTION PIGLETS AGAINST DISORDERS tive is that from 2003 exclusively non-antibiotic antimicrobials will be allowed. Meanwhile, Dutch experts looked at how Sweden coped with consequences of banning in-feed antibiotics for piglets over the past 15 years and few research groups initiated extensive programmes on alternative strategies. Whilst acknowledging that non-nutritional strategies (e.g., age at weaning, hygiene of housing, genetical potential, quality of management or stress) are important, this paper focuses on some current Dutch research topics addressed to the pathophysiology of PWS and the role of nutrition in controlling PWS in piglets.
SOME DUTCH DEVELOPMENTS ON THE PATHOPHYSIOLOGY OF PWS IN PIGLETS

Dutch studies on microorganisms associated with diarrhoea of weaned piglets
As a prerequisite for developing preventive feeding systems in the absence of in-feed antibiotics, the current Dutch research is directed to a better understanding of pathogenesis of PWS. Niewold et al. (2000) indicated that the PWS results from multiple predisposing factors, and a classification of PWS and oedema disease as an Escherichia coli infection is not justified, since also rotavirus may contribute to diarrhoea outbreaks. Besides, swine dysentery (caused by Brachyspira hyodysenteriae), Clostridium perfringens type A and Salmonellosis remain a recurrent problem for the Dutch pig industry. From 5 to 30% of pig carcasses in the Dutch abattoirs are infected with Salmonella (Roeleveld, 1998) . However, Nabuurs (1997) found that the presence of these pathogens in the intestine is not sufficient to cause diarrhoea and they may predominate also the flora of healthy newly weaned piglets. Although porcine enterotoxigenic E. coli (ETEC) serotype K88 predominate as an infective factor associated with the postweaning diarrhoea, different types of enterotoxigenic E. coli (ETEC) succeeded each other during the time course, and rotavirus was detected in almost all piglets before and after weaning. The ETEC adhere to the epithelial enterocytes of the small intestine (jejunal section, in particular) of piglets possesing cell receptors via their surface antigens, i.e., pili (fimbrial) adhesins and produce enterotoxins impairing epithelial cell proliferation and nutrient absorption. Healthy and infected villi of pigs are illustrated in Figure 1 .
Knowledge on the adherence of enterotoxigenic E. coli (ETEC) to the intestinal mucosa is an essential step in the pathogenesis of ETEC induced diarrhoea. Van Zijderveld et al. (1997) studied the anti-adhesive properties of 23 specific monoclonal antibodies (mAB) against the F41 adhesive fimbrial antigen of ETEC in brush border adhesion inhibition tests and haemaglutination inhibition tests with four F41 -positive E.coli strains and purified F41 antigen. The authors con-MROZ Z. eluded that direct blocking of the receptor-binding site located on the major fimbrial subunit is not the main mechanism how antibodies protect against ETEC infection, whereas agglutination may be the most important mechanism of protection.
RECENT DUTCH STUDIES ON THE FUNCTIONAL HISTOLOGY, ENZYMA-TIC ACTIVITY AND PERMEABILITY OF THE SMALL INTESTINE IN WEANED PIGLETS
It is well known that histological parameters and intestinal enzyme activities are closely interrelated with the absorptive capacity and health status of the gastrointestinal tract. In general, major predisposing factors to PWS in piglets are villus shortening and crypt deepening in the small intestine, inflammation of the mucosa, loss of lactogenic protection, susceptibility of enterocytes in the small intestine for pathogen adherence, low level of creep feed intake, dietary allergens, changes in feed ingredients/nutrient contents and malabsorption syndrome.
Results of Nabuurs (1997) on the small intestinal morphology of weaned piglets at 30 days of age from herds without mortality, specific-pathogen free (SPF) and with mortality are presented in Table 1 . These data documented that villi of PWS-piglets were shorter and crypts deeper than in SPF-piglets, and therefore, the interrelationship between diarrhoea and epithelial cell proliferation appeared to be evident. Nabuurs (1997) studied also the effect of weaning by comparing the intestinal morphology between unweaned and weaned littermates over 30 to 44 days of age ( Table 2 ).
The author found that villi shortened and crypts deepened after weaning. However, two weeks after weaning villi of weaned piglets were greater than at weaning and even greater compared to their unweaned littermates. This implies that at a greater villus height are the number of epithelial cells and absorptive capacity of the small intestine also greater.
Van Beers-Schreurs (1996) studied the effect of a weaner diet on the small intestine morphology by comparing unweaned piglets with three groups of piglets weaned at four weeks of age and fed either a commercial weaner diet or sow's milk at high or low levels. The author concluded that the hight of the villi was highest in sucking piglets, although weaned piglets consuming the high level of sow's milk had similar histological parameters. Piglets fed low levels of sow's milk and the commerical weaner diet showed the same villous shortening and crypt deepening. This implies that villus atrophy after weaning is more due to the level of feed intake than to the composition of the diet.
Van Leeuwen and Versantvoort (1999) studied functional parameters of the small intestinal mucosa in piglets fed weaner diets without and with faba bean (Vicia faba L.) tannins (Table 3) . Effects of dietary protein source (milk vs feather) and feeding level (restricted vs ad libitum) on the functional intestinal histology in piglets weaned at 27 days of age were investigated by Verdonk et al. (2000 a) . After 14 days post-weaning, the authors examined villous-crypt structure in the small intestine (Table 4) . As expected, at the ad libitum feeding, piglets receiving milk protein had higher villous height and crypt depth.
The in vivo transport capacity of fluids, electrolytes and(or) other specific nutrients over the brush border membrane is investigated in the Netherlands with a small intestinal segment perfusion (SISP) model (Figure 2) . Also, the nutrient transport across the epithelium and(or) electrophysiological characteristics are tested in vitro with a TNO model, which is a modified flux chamber of Using.
The SISP model was used by Nabuurs (1997) to study the effect of weaning on net absorption in the small intestine of piglets. The mean net absorption of fluid in the ETEC uninfected segments was significantly less in weaned than in unweaned piglets on days 4, 7 and 14. The author found remarkable differences between the values for the net absorption of fluid, Na and CI in uninfected and ETEC infected segments at different sites along the small intestine. In uninfected segments net absorption was lowest in the cranial sites, and highest in the caudal sites. In ETEC infected segments, however, net absorption was higher in the cranial and caudal sites than in the middle site of the small intestine. These differences might be due to a specific intestinal colonization pattern of E. coli K88+. In another study with the SISP model, Nabuurs (1991) evaluated the effect of of creep feed on net absorption of intestinal fluid in piglets. The results of this study indicate that the decrease in net absorption of fluid usually seen in the uninfected small intestine of piglets after weaning was significantly mildened by providing a creep feed. In piglets receiving a creep feed the net fluid absorption in ETEC-infected segments was improved to a lesser degree compared to uninfected segments. Additionally, it was found that 24 h after rotavirus infection of the ETEC-infected segments the net absorption was further reduced. This implies that diarrhoea due to ETEC could be aggravated by a concurrent infection with rotavirus. Studies with the TNO in vitro model showed that permeability across the pig ileal mucosa correlated well with the permeability measured in in vitro models of rat IEC-18 and human colon carcinoma (Caco-2) cell lines (Van Leeuwen and Versantvoort, 1999) . Also, this model was used by Verdonk et al. (2000b) to evaluate the permeability of the small intestine in newly weaned piglets as af-160 PROTECTION PIGLETS AGAINST DISORDERS fected by feeding levels of milk compounds. The authors fed two groups of piglets with a liquid milk containing either 18.6% of DM (high level) or 6.2% DM (low level). At the day of weaning and at the first, second and fourth day postweaning gut tissue samples were taken under anaesthesia from three jejunal sites: 0.5 and 3.5 m distal from the ligament of Treitz and 0.5 m proximal to the ileocaecal ligament for macroscopic histology. At 3.5 m distal from the Ligament of Treitz, tissue samples (5 cm) were also taken to measure transepithelial transport using the TNO in vitro intestinal transport model. Permeability coefficients (P ms ) of 3 H-mannitol (ICN) and I4 C-GlySar (Zeneca Cambridge Research Biochemicals) were determined (Table 5) . ns -not significant (P > 0.1); * P < 0.05; ** P < 0.01; *** P < 0.001; t = tendency (P>0.05) abc least square means within a row without a common superscript differ significantly (P<0.05) Groot (1997) studied correlation between electrophysiological phenomena and transport (transcellular/paracellular) of macromolecules in the intestinal epityhelium. The author found from a comparison of electrical phenomena and transport of macromolecules that secretory activity and increased transepithelial transport of macromolecules are related when secretion is mediated by the Ca-ions and protein kinase C (PKC) dependent pathways. The barrier function of the intestinal epithelium may be diminished during nervous (acetylcholine)-and immuno-(histamine) mediated secretion. The author hypotyhesized that some bacterial toxins may also induce Ca-ion and PKC dependent secretion and thereby can reduce the epithelial barrier. The cAMP and cGMP mediated secretion, which can be recognised by their long-lasting transepithelial potential changes, are not coupled to increased transepithelial transport of macromolecules. Thus, some forms of secretory diarrhoea may be related to the development of foodallergy or inflammation.
DUTCH NUTRITIONAL APPROACHES TO PROTECT PIGLETS AGAINST POST-WEANING GASTROINTESTINAL DISORDERS IN THE ABSENCE OF IN-FEED ANTIBIOTICS
Verstegen and Schaafsma (1999) reviewed some Dutch developments on alternatives for antibiotics as growth promotor. The authors consider probiotics, prebiotics/non digestible oligosaccharides, organic acids, enzymes and modulators of level of microbial activity (herbs) as primary alternatives addressed for Dutch feed industry. So far, few if any have a sound scientific basis combined with consistent performance responses under Dutch practical conditions. Nevertheless, a short outlining of the Dutch research on these alternatives seems useful.
Probiotics
Until now, the effects of probiotics were more extensive investigated in humans and this has not always led to consistent results. Guarner and Schaafsma (1998) concluded that in humans probiotics reduced signs of lactose intolerance and the duration of several types of diarrhoeal diseases by reducing bacterial enzyme activity, and stimulated the non-specific and specific immune system when challenged by pathogens. The latter was investigated by Maassen et al. (1997) who administered orally wild Lactobacillus strains (L. reuteri, L. casei, L. plantarum and L. murines) in mice. The authors found that Lactobacillus strain dependent cytokine production profiles are induced, which seem to determine the direction and efficacy of the humoral response. Besides, serum antibody responses to i.p. immunisation with chicken gamma globulin in mice appeared to be also modulated by orally administered Lactobacilli. Follow-up studies of Boersma (personal communication) are addressed to develop Lactobacilli as safe live antigen carriers for application in vaccine technology and for the excretion of autoantigens in order to induce tolerance in piglets. Verstegen and Schaafsma (1999) indicated that probiotics may compete for intestinal colonization with pathogenic bacteria and lower LDL cholesterol levels, although more evidence is still required. To substatiate the real value of probiotic products for piglets few projects are currently in progress at the ID-Lelystad.
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Prebiotcs
Certain carbohydrates (dietetic/fermentable fibres) are resistant to host digestive enzymes, whereas they serve as a substrate for specific friendly colonic microorganisms, which compete for colonisation with pathogens, and thus the host susceptibility to diarrhoea is decreased. Particularly, non-digestible oligosaccharides (NDO) such as mannose oligosaccharides, fructose oligosaccharides and lactulose/glucose oligosaccharides were investigated in a series of Dutch experiments (Alles, 1998; Houdijk, 1998) . These authors found that NDO in piglets may ferment completely before entering the large intestine, and therefore microorganisms may use protein as energy source and increase the production of branched chain fatty acids. Also, a combination of NDO with probiotics may be beneficial (Verstegen and Schaafsma, 1999) , although still little suportive data is available. In search for an alternative to growth promoters Dutch scientists address their interest to the yeast cell-derived mannanoligosaccharides, phosphorylated mannanoligosaccharides, glucans and peptidoglycans. Few experiments towards elucidating a mode of action of these additives are in progress.
Organic acids
For several years Dutch feed manufacturers have usually used supplemental organic acids in conjunction with antibiotics for prophylaxis and growth promoting effects (Verstegen and Schaafsma, 1999) . Although the organic acid supplementation was initially targeted for weaned piglets, there is a growing evidence that dietary acidification may be beneficial for performance of growing pigs too. Recent results indicate that in growing pigs, organic acids improve the apparent ileal digestibility of protein and amino acids (Mroz et al., 2000) , and absorption of minerals (Jongbloed and Jongbloed, 1996) , which may contribute not only to improved performance but also to a reduction of nitrogen and phosphorus excretion. In recent years, the pig husbandry has been world wide under increasing pressure to find feasible solutions to improve the efficiency of nitrogen and phosphorus utilization and to reduce their excretion, and dietary acidification may be one possibility to get closer to the target. Organic acids are also known as effective preservatives which by improving the hygienic quality of feeds may further contribute to a better performance of pigs. From a recent in vitro study of Mroz and Van der Meulen (1999) is concluded that adding 50 mmol of acid from 10 different organic acids to buffers of the pH 4 and pH 6 with inoculated with either lOVmL E. coli serotype 0149 K91 or Lactobacillus casei. It appeared that of all acids, formic acid, fumaric acid, benzoic acid and capronic acid were most effective in killing E.coli (particularly at the pH 4), whereas the number of L. casei was only slightly lowered during 6 h of incubation.
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A recent development is the use of pre-fermented ingredients in a liquid system of feeding after weaning. Despite promising preliminary results, further research is addressed to optimise acidity and composition of liquid byproducts for steering pre-fermentation towards achieving the pH not below 4.8 (Verstegen and Schaafsma, 1999) .
Antimicrobial bioactive peptides and immunomodulators
Although, in general, it is known that nutrition, immune function and infectious diseases are locked into a complex three-way relationship, termed a complement system, both basic and applied research to understand this relationship in various stages of pig production is of particular importance for Dutch scientists and practitioners.
De Geus et al. (1997) studied prevention of diarrhoea using pathogen specific monoclonal antibodies in an experimental ETEC infection in germ-free piglets. The data of this study showed that F4 ac fimbriae specific monoclonal antibodies (mAB) prevent neonatal diarrhoea in an experimental challenge model in germfree piglets. Currently, the cost of mAB production is high and therefore, few projects are undertaken to express recombinant mAB by microorganisms and plants. Meloen et al. (1997) initiated few research projects addressed to "edible vaccines", which can be produced by plant expressed recombinant protein, peptides and viruses. Preliminary experiments are very promising and this development seems very attractive for Dutch practice. evaluated a passive protection of piglets against diarrhoea (due to ETEC K88, K99 and 987P and porcine rotavirus) with specialized egg immunoglobulins G (0.0 vs 1.1 g/kg diet) during four different periods of rearing (22-28, 22-42, 22-56 and 28-56 days of age) on the growth rate, feed efficiency, apparent digestibility of nutrients, incidence of diarrhoea and mortality of piglets up to 4 weeks after weaning (Table 6 ).
Piglets fed IgG over a longer period (days 28-56) had greater daily gains and utilized less feed per kg gain than those given this product over days 22-28 and 22-42, but the differences were not statistically significant. In summary, supplementation of IgG (titers from 320 to 640 against K88 E.coli) appeared to be effective in improving piglets' resistance against diarrhoea.
There are many bioactive peptides/enzymes (lysozymes, lactoferrins, peroxidases) or herbs addressed to increase the availability of nutrients, and to modify the level of microbial activity (Verstegen and Schaafsma, 1999) , although their mode of action is still investigated. 
Dietary composition
In the era before antibiotics were developed, piglets with enteric bacterial infections were fed, for example, with oats soaked in salt water. The detailed compositions of commercial piglet starter diets are largely secret and have been based on unpublished in-house research. In view of the importance of achieving high intakes of feed early in the post-weaning period, attention is paid to its chemical and physical characteristics. Skim milk powder and other dried-milk products have been the most valuable feedstuffs for starter diets. Vegetable proteins present a range of problems to the immature digestive system (^anti-nutritional factors" and "antigenic" reactions). Much of our knowledge of the roles of individual nutrients in inflammatory responses* or immune function is derived from nutrient deficiency studies. An understanding of the immunologic roles of individual nutrients may prove useful for designing nutritional strategies, particularly for critical transitional periods after post-weaning. Deficiencies in certain of the essential nutrients can impair the immune system, and other host defensive mechanisms in more than one way. Since most antigens (allergens) are proteinaceous compounds, it is not surprising that immune response to certain protein containing feed ingredients (e.g., lectins, phytohaemaglutinin [PHA]) have been found. These substances are resistant to proteolysis during passage through the alimentary tract, and may bind carbohydrates on epithelial cells, and after binding, they are endocytosed and can subsequently cause an immune response. It is also well established that there are important interactions between dietary protein, some specific amino acids and immune function. Protein depleted pigs showed an impaired immune competence, largely due to an insufficient synthe-sis of the cellular proteins of the immune system and an inadequate supply of amino acids to support the hepatic acute phase protein response. Few Dutch studies addressing protein deficiency and immunocompetence in pigs have focused on antibody-mediated immunity, although the measurements of antibody titers only do not indicate the relative affinity of those antibodies for antigen. Furthermore, antigens in adjuvants were also administered that act to increase antigen processing by eliciting inflammatory cells and to release antigen continuously over longer time periods. Therefore, if dietary treatments affect antigen processing or clearance, these effects would be masked by the use of an adjuvant. Nonetheless, as for most nutrient deficiencies, available data indicate that antibody-mediated immune responses are substantially reduced by moderate protein deficiencies. The metabolic end products of some amino acids are also crucial intermediates in the maintenance of a variety of defense functions that bear no direct relationship to protein metabolism. Glutathione (a tripeptide and a key free radical scavanger) is synthetized from glutamate/glutamine, glycine and cysteine, and its restoration by depleted animals is achieved by the simple provision of cysteine in the diet. Recent Dutch work indicates a specific role of arginine in the regulation of inflammation (and perhaps immune function) since nitric oxide production from arginine plays an important role in macrophage cytotoxic functions and in the interactions between macrophages and lymphocyte adhesion and activation. As a part of the structure of mucus glycoproteins, threonine contributes to one of the most extensive and important innate defense barriers against bacterial and viral invasion. Approximately 90% of the mass of the mucus glycoproteins covering epithelial surfaces of the intestine and lung are carbohydrates. These complex carbohydrate side chains are attached to an extensively sulphur cross-linked core protein particle via O-glycosylic linkages largely formed from the hydroxyl group of threonine, an amino acid that contributes 22% by weight of the core protein. As these proteins are continually secreted from the external surfaces of the intestine and lung, their continual synthesis persistently drains an individual's threonine supplies. Despite glutamine is an abundant free amino acid in the plasma of pigs, but its extra supplementation (1%) seems to serve as a mojor fuel for rapidly dividing lymphocytes, for maintenance of gut associated lymphatic tissues and production of secretory immunoglobulin A, intestinal integrity and the prevention of bacterial translocation from the gut (Schraama, personal communication) . There is also a reasonable indication that immunologic stress (e.g., injection of bacterial lipopolysaccharides) alters protein metabolism. Leukocytic cytokines decrease the rate of skeletal muscle protein accretion while preserving and enhancing the production of specific liver proteins. Some of the above aspects are currently studied in the frame of the EU project entitled: "Defining and validating gut health criteria in young pigs, based on digestive physiology, microbiology and mucosal immunology investigations for testing alternative strategies to in-feed antibiotics". This project is designed for three years (2001) (2002) (2003) , with complementary contributions of the ID-Lelystad, University of Wageningen and the Cooperative Institute of Nutrition "Schothorst" in Lelystad.
